Tr aumatic injuries to the eNS produce tissue damage both through mechanical disruption and through more delayed autodestructive processes. Delayed events include various biochemical changes whose nature and time course remain to be fully elucidated. Magnetic reso nance spectroscopy (MRS) techniques permit repeated, noninvasive measurement of biochemical changes in the same animal. Using phosphorus MRS, we have examined certain biochemical responses of rats over an 8-h period following lateralized brain injury (1.5-2.5 atmospheres) using a standardized fluid-percussion model recently de veloped in our laboratory. Following injury, the ratio of phosphocreatine to inorganic phosphate (Pe r/P) showed
Tr aumatic injury to the CNS may result in func tional deficits by both primary (mechanical) and secondary mechanisms. Secondary effects develop over a period of minutes to hours following trauma and may be associated with alterations in high-en ergy phosphates through inhibition of intermediary metabolism or reduced blood flow (Albin et aI., 1969; Faden, 1986) . Direct neurochemical measure ments have demonstrated changes in tissue pH and high-energy phosphates after traumatic experi mental brain injury in both rats (Nilsson and Ponten, 1977) and cats (Yang et aI., 1985) , but such measurements have been limited to single time points and have been made using invasive methods. a biphasic decline: The first decline reached its nadir (4.8 ± 0.4 to 2.8 ± 0.7) by 40 min post-trauma with recovery by 100 min, followed by a second decline by 2 h that per sisted for the remaining 6-h observation period (mean 2.5 ± 0.5). The first, but not the second, decrease in Per/Pi was associated with tissue acidosis (pH 7. 10 ± 0.03 to 6.86 ± 0. 1l). No changes in ATP occurred at any time during the injury observation period. Such changes may be indicative of altered mitochondrial energy production following brain injury, which may account for the re duced capacity of the cell to recover from traumatic in jury. Key Words: NMR-Brain injury-Tr auma-Rats.
Furthermore, these studies were limited to the im mediate post-traumatic period (0-1 h).
High field magnetic resonance spectroscopy (MRS) has been utilized to examine cellular ener getics, to monitor certain metabolic changes, and to assess tissue viability (Gadian, 1982; Haselgrove et aI., 1985; Prichard and Shulman, 1986) . Phosphorus elp) MRS permits repeated, noninvasive, simulta neous monitoring of intracellular pH and high-en ergy phosphates. It has been used to study the brain under a variety of experimental conditions such as rest (Chance et aI., 1978 (Chance et aI., , 1980 , ischemia (Delpy et aI., 1982; Thulborn et aI., 1982) , hypoxia (Hilberman et al., 1984) , hypoglycemia (Cox et al., 1983; Behar et al., 1985) , cyanide intoxication (De corps et al., 1984) , anesthesia , and status epilepticus (Petroff et al., 1984) . It has also been applied to the study of cerebral metabolism in the human newborn (Cady et al., 1983; Younkin et al., 1984) .
In this present study, 31p MRS was used to deter mine whether the metabolic response of brain is al-tered following fluid-percussion injury in rats. Changes in brain intracellular pH and high-energy phosphates were examined over an 8 h period fol lowing injury and was compared with changes in electroencephalographic (EEG) activity and neuro logical outcome.
METHODS

Surgical preparation
Male rats (n = 37) weighing from 350 to 450 g were initially anesthetized with ketamine (80 mg/kg. i.m.) and sodium pentobarbital (20 mg/kg, i.p.). Femoral venous and arterial catheters were implanted using polyethylene 50 tubing. With the animal in a stereotaxic frame, the scalp and temporal muscle were reflected. A small burr hole was placed over the left parietal cortex, and a 2 mm hollow female Leur-Loc was rigidly affixed to the an imal's skull with dental cement. Following surgery, anes thesia was maintained by continuous infusion of sodium pentobarbital (15 mg/kg/h).
Fluid-percussion injury
Experimental brain injury was induced using a lateral ized, fluid-percussion model. Vertex fluid-percussion in jury has been successfully utilized in cats to reproduce several features reported in human patients with head in juries (Sullivan et aI., 1976) ; more recently, this model has been applied to rats (Dixon et aI., 1987) . This vertex model does not, however, reproduce a number of impor tant aspects, such as supratentorial hemorrhage, that are associated with human head injury. In contrast, it has been found in rats that lateralized fluid-percussion injury produces greater cortical injury with less brainstem com pression, which may be of more relevance to clinical head injury (Ishige et aI., 1987; McIntosh et aI., unpub lished observations) .
The fluid-percussion device used to produce traumatic brain injury was identical to that used in cats and de scribed in greater detail elsewhere (Sullivan et aI., 1976) . This device consists of a Plexiglas cylindrical reservoir (60 cm long and 4.5 cm in diameter) bounded at one end by a Plexiglas, cork-covered piston mounted on O-rings ( Fig. 1 ) and at the other with a 2 cm long metal housing connected to a 5 mm tube (2 mm inner diameter). This 5 mm tube was attached with a male Leur-Loc fitting to the female Leur-Loc fitting that had been chronically im planted, as described, over the exposed parietal cortex of the rat. The entire system was filled with 37°C isotonic saline. Increased magnitude of tissue deformation results in an increased degree of brain injury. The degree of in jury was regulated by varying the height of the pendulum, resulting in corresponding variations in extracranial pres sure pulses expressed in atmospheres (atm). These pres sure pulses were measured extracranially by a transducer (housed in the injury device) at the time of injury, re corded on a storage oscilloscope, and photographed with a Polaroid camera.
Neurological evaluation
All animals were scored for post-traumatic neurolog ical deficit at 24 and 48 h post-injury using a battery of neurological tests developed to characterize specific neu rological consequences of mechanical brain injury. Neu rological motor tests included: (a) contralateral forelimb J Cereb Blood Flow Metab, Vol, 7, No.5, 1987 flexion upon suspension by the tail; (b) decreased resis tance to lateral pulsion; (c) circling behavior upon spon taneous ambulation; (d) recording of the maximal angle at which the animal could stand for 5 s on an inclined angle board (angle board); and (e) the latency to traverse a narrow (2-cm wide), wooden balance (beam traverse). All animals were graded as follows for each task: 4, normal; 3, mild deficit; 2, moderate deficit; 1, severe deficit; 0, afunctional. A composite neuroscore was developed for each animal by combining the scores of tests (a) to (e) so that scores were interpreted as follows: 20, normal; 15, slightly impaired; 10, moderately impaired; 5, severely impaired; 0, afunctional.
MRS 3 1 P-MRS spectra were obtained using a 2 Te sla GE CSI spectrometer operating at the phosphorus resonant fre quency (34.6 MHz). Each animal (n = 10) was placed in a specially designed Plexiglas holder and positioned in the center of the magnet bore. A two-turn, 5 x 9 mm MRS coil was placed centrally around the trauma site and used to transmit and receive signal. Skin and temporal muscle was retracted well clear of the trauma site to ensure that there was no contribution from these tissues to the 3 1 p_ MRS brain spectrum. Magnetic field homogeneity was optimized by shimming on the proton resonance of tissue water. 3 1 P-MRS spectra were obtained in lO-min blocks prior to and for 8 h following injury, using a 90° pulse and 700 ms repetition rate. Injury (l.5-2.5 atm) was induced either (a) outside the magnet, following which the animal was replaced in the holder and repositioned in the magnet bore; or (b) directly inside the magnet bore using a 1.5 m noncompliant lexan extension tube attached to the per cussion device. The purpose of method (b) was to mini mize the time difference between impact and 31P-MRS data accumulation while, at the same time, using lexan to ensure that there was no attenuation of the saline pulse passing through the extension tube. Neurological, physi ological, and MRS results using both procedures were identical.
The accumulated free-induction decays (spectral width 4,000 Hz, 2,048 data points) were analyzed following zero filling, application of a 25 Hz Gaussian filter, and Fourier transformation. The broad component of the spectra, as signed to relatively immobile phosphate residues in bone and phospholipid (Ackerman et aI., 1984; Gonzalez Mendez et aI., 1984) , was removed mathematically by convolution difference (Campbell et aI., 1973) . The rela tive changes in individual metabolite concentrations were determined using the GE computer program (GEMCAP) that integrated the area of individual peaks in the spectra following a "line-fitting" procedure. By comparing each measured signal intensity with the animal's pre-injury spectrum, each animal served as its own control.
The rapid repetition rate used in these experiments was empirically determined so as to give the best signal-to noise ratio in the time resolution required. However, when determining metabolite ratios, saturation effects through inadequate relaxation times must be taken into account. Since phosphocreatine (PCr) and inorganic phosphate (PJ have low and similar relaxation times, their saturation effects are similar and the error in their ratio is only 10% (Chance et aI., 1980) . Accordingly, we have used the PCr/Pi ratio as the chosen indicator of cel lular bioenergetic status. Intracellular pH was calculated using the equation:
where LlPj is the chemical shift of Pj relative to PCr (Pe troff et al., 1985) .
Systolic, diastolic, and MABP were continuously re corded via the femoral artery catheter both before and after head injury. Pressures were monitored by strain gauge transducers, the output of which were recorded on a Narco Biotrace-40 physiograph. Arterial blood pH and gases (POz, PCOz) were analyzed at 30-min intervals throughout the experiment using a Corning pH and blood gas analyzer.
Electrophysiological monitoring
Parallel laboratory studies, identical in procedure to those utilizing MRS, were performed utilizing continuous physiological and electrophysiological monitoring. EJec trophysiological recordings were not attempted concur rent with MRS, because the MRS surface coil prevented placement of EEG screws. Ten animals were prepared as described above. Injury was induced with the same injury device as used in the MRS studies within an identical in jury range 0.5-2.5 atm). MABP, pulse pressure, and heart rate were recorded on a Narco Biotrace-40 physio graph, while fast Fourier transformed EEGs were re corded on a Neurotrac compressed spectral array com puterized EEG.
Histopathological evaluation
In order to examine the relationship between magni tude of injury, protein extravasation, and hemorrhage, six animals were injected intravenously with Evans Blue (25 mg/2.5% aqueous solution) at 5 h following injury (1.5-2.5 atm). One hour later (t = 6 h), the animals were killed and perfused with 9% formalin. The brains were removed, photographed, and then grossly dissected in order to define the regions of maximal hemorrhage and leakage to the Evans Blue albumin (EBA) complex. Three control animals were prepared in a similar manner, including the administration of Evans Blue, but did not undergo injury.
Determination of tissue water content
Percentage of water content was determined by wet weight/dry weight analysis. Four animals were prepared and injured as described above. At 4 h post-injury, the brain was frozen in situ with liquid Nz and removed; the injured hemisphere was then dissected, weighed, oven dried at !OO°C for 24 h, and then reweighed. Four nonin jured animals serving as sham controls were also assayed for water content in an identical manner.
Statistical analysis
Electrophysiological and cardiovascular parameters were analyzed by repeated measure analysis of variance (ANOVA) followed by Dunnett's tests at each time point. All other data were analyzed using Student's t test with Bonferroni correction factor to determine the level of sig nificance. A p value <0.05 was considered significant. Figure 2 shows typical 31p MRS data taken prior to and following fluid-percussion injury 0. 5-2. 5 atm). Spectral assignments have been made ac cording to previous work on brain (Prichard and Shulman, 1986) . The Pi peak was initially located at 4. 91 ± 0. 05 ppm (n = 10; mean ± SD), which cor responds to an intraceUular pH of 7.10 ± 0.03. This value of brain intracellular pH is in good agreement with previously published values . Immediately following injury, the Pi peak shifted downfield (to the right) indicative of a more acidic environment (Fig. 3a) . This acidic shift of the Pi peak was transient in nature; the lowest pH re corded was 6.86 ± 0.11 (p < 0.05) at 40 min fol lowing trauma, followed by a return of brain intra cellular pH to pre-injury levels by 90 min.
RESULTS
MRS
The Per/Pi ratio also demonstrated a transient change with time that correlated with the transient changes in intracellular pH (Fig. 3b ). By 40 min post-injury, the PCr/Pi ratio had fallen from a pre injury value of 4.8 ± 0.4 to 2.8 ± 0.7 (p < 0.05). By 90 min post-injury, the ratio returned to approxi mate control levels. Thereafter, it decreased again, independent of any pH changes, to a value of 2.3 Q.
Time ( spectra is illustrated in Figure 4 . Despite the pres ence of hemorrhage within the MRS sensitive volume (see histopathology studies below), the presence of blood was not believed to have made a significant contribution to the 31P-MRS spectra be cause: No significant 2,3-diphosphoglycerate peak, which is a major identifying resonance in blood, was apparent in the spectra; the presence of pooled blood would result in a significant Pi peak being present at an acidic chemical shift, which was not evident in the post-injury spectra; moreover, the 2to 8-h spectra reflected a post-trauma pH of > 7.1. Tr aumatic brain injury may be expected to result in tissue changes that are heterogenous; this would be expected to result in broadening, and possibly splitting, of the Pi peak due to the pH variability in injured and uninjured cells. Since no splitting or significant broadening of the Pi peak over the 8-h post-traumatic period was observed, it is believed that the 3 1P-MRS spectra reflect the energy state present in the majority of cells within the MRS sen sitive volume.
Histopathology studies and tissue water content
The distribution of EBA and hemorrhage at 6 h post-injury are indicated in Figure 4 . Following trauma, petechial hemorrhage was found in the cortex extending from the pial surface inward to ward the external capsule. Extravasation of EBA was maximal in the left frontoparietal cortex and external capsule, coinciding with the distribution of maximal hemorrhage. Epidural hemorrhage was minimal. Left hemisphere tissue water content at 4 h post-injury in injured animals (80. 6 ± 0.8%) was not significantly different from control (noninjured) animals (80. 2 ± 0. 8%).
Physiological and neurological evaluation
Physiological monitoring in the MRS and nonMRS experiments gave similar results. Immedi ately following injury 0. 5-2.5 atm), brief apnea de veloped 05-25 s) accompanied by transient (15-30 s) hypertension, with MABP increasing from 100 ± 15 mm Hg to 160 ± to mm Hg (p < 0.01). MABP then decreased to 80 ± 6 mm Hg (p < 0. 01) by 30-45 min post-injury and remained depressed throughout the duration of the experiment. Arterial blood pH, P02, PC02, and HC0 3 obtained at 30 min, 1 h, 2 h, 4 h, and 8 h, were unchanged from pre-injury determinations ( Table I) . All injured an imals demonstrated a moderate to severe neurolog ical deficit when tested at 24 and 48 h following in jury ( Table 2 ). The median score for all tests over this period was 1.9 ± 0. 6, corresponding to a mod erate neurological deficit in each category.
EEG amplitude (as expressed by power band analysis) decreased to 14% of control values (p < 0.001) within 5 min after injury (Fig. 5 ). Reduced EEG activity was apparent for -90 min-a period corresponding to the transient changes observed in intracellular pH and in PCr/Pi ratios. Thereafter, EEG amplitude gradually returned to normal by 24 h post-injury.
DISCUSSION
Metabolic alterations following experimental traumatic head injury have been previously re ported by a number of investigators (Nilsson and Ponten, 1977; Wagner et aI. , 1985; Yang et aI. , 1985) utilizing invasive analytical procedures with single time point determinations. These investigators found post-traumatic reductions in pH and high-en ergy phosphates up to 1 h following injury. How ever, since metabolic changes have also been re ported using these techniques in undamaged tissue following localized injury (Gurdjian et aI. , 1944) , the events leading to irreversible brain injury still remain unclear. Furthermore, despite evidence to suggest that secondary injury develops over a pe riod of hours following injury (see Albin et aI. , 1969; Faden, 1986) , no reports have appeared docu menting biochemical alterations beyond 1 h post-in jury. In the present study, MRS techniques utilizing surface coils (Ackerman et al. , 1980) permitted noninvasive measurement of intracellular pH and high-energy phosphates in a localized brain region over an 8 h period post-trauma.
Immediately following fluid-percussion injury, a transient acidosis of the brain intracellular space was observed. This pH shift was accompanied by a reduction in the ratio of PCr to Pi but with no change in ATP concentration. These findings are similar to those previously found in cats following fluid-percussion injury, in which metabolite con centrations were enzymatically determined in ex tracted tissue isolated 1 h following injury (Yang et aI. , 1985) . By utilizing MRS techniques, it was pos sible to extend the determinations to include the ki netics of these changes following injury, as well as time course of these changes. Maximum decrease in pH occurred by 40 min post-injury; pH then re covered to approximate control values by 90 min. The PCr/Pi ratio also demonstrated similar tem poral and kinetic changes during this period, but then decreased to 50% of pre-injury values by 4 h post-injury, independent of any changes of pH or of ATP.
Reduction in PCr/Pi ratios is indicative of altered energy metabolism, which may signify inadequate oxygenation of tissue, or mitochondrial dysfunction (Chance et aI. , 1980 (Chance et aI. , , 1985 Gyulai et aI. , 1985) . It  TABLE 1 . Arterial blood gas, pH, and MABP following lateralizedfluid-percussion head injury (1.5-2.5 atm) in the rat* also may be reflection of intracellular buffering via the creatine kinase reaction:
By calculating the relative changes in metabolite concentrations, it may be determined whether the transient changes in the PCr/Pi ratio in our studies correlate with the observed fluctuation in H + con centration. Since the early (0-2 h) alterations in PCr/Pi following injury are kinetically and tempor ally similar to the changes in H+ concentration, a significant fraction of the transient PCr/Pi changes immediately following traumatic brain injury are more likely a reflection of H + buffering than of in hibition of energy metabolism. Furthermore, com plete recovery of PCr/Pi by 100 min indicates rela tive integrity of energy metabolism. However, the failure of traumatized cerebral tissue to maintain the re-established PCr/Pi ratio at pre-injury levels following the transient pH changes, demonstrates a disassociation between PCr/Pi ratios and pH buff ering and may reflect secondary injury.
The reduced PCr/Pi ratio may reflect reduction of CBF or reduced tissue oxygenation. Following im pact injury in the rat, transient CBF changes were observed (both increases and decreases); these changes were brief with normalization occurring within 20-40 min post-injury (Nilsson and Nord- Composite neuroscore is a summation of individual motor tests, described in the text, which are graded as follow � : 4, normal; 3, mild deficit; 2, moderate deficit; 1, severe defiCit : 0, afunctional. Composite scores are a reflection of neurologl�al outcome according to the following scale: 20, normal; 15, mild deficit; 10, moderate deficit; 5, severe deficit; 0, afunctional. strom, 1977) . Blood flow studies following experi mental injury in the cat have demonstrated either no change in CBF or a transient increase in flow (Saunders et aI., 1979; Lewelt et aI., 1980; DeWitt et aI., 1986) . Furthermore, consistent transient oxi dation of the terminal electron acceptor of the mi tochondrial respiratory chain, cytochrome a and a3, has been observed following fluid-percussion brain injury in the cat, indicative of adequate tissue oxygenation (Duckrow et aI., 1981) . Recent prelim inary work (McIntosh et aI., unpublished results) has shown that in this rat fluid-percussion model, regional CBF in the left parietal cortex does not de cline after trauma to values lower than 50 mlllOO g/min. Moreover, this decrease was transient with significant recovery by 2 h post-trauma. Reductions in CBF to these levels would not be expected to alter the PCr/P· ratio since changes in MRS phos-I • phate ratios do not occur until brain blood flow is <20 m1l100 g/min (Thulborn et aI., 1982; Gadian et aI., 1986) . Moreover, a blood flow of <20 ml/lOO g/min would result in significant suppression of EEG activity (Branston et aI., 1974) , which was not observed in the present experiments between 2 and 8 h post-trauma. Furthermore, blood flow levels of <20 ml/100 g/min would also most likely result in significant edema formation (Crockard et aI., 1980) , which again was not observed in the present exper- iments. It therefore seems unlikely that PCr/Pi ratios between 2 and 8 h post-trauma reflect a suffi cient decline in CBF to account for the PCr/Pi changes.
Mitochondrial dysfunction is reflected by a re duced adenylate energy charge or by a reduced phosphorylation potential (Atkinson, 1968; Siesj6, 1978; Erecinska and Wilson, 1982) . Determination of adenylate energy charge from 3 1P-MRS data re quires calculation of nucleotide concentrations from the adenylate kinase reaction:
while determination of the phosphorylation poten tial requires calculation of nucleotide concentra tions from the creatine kinase reaction (Eq. 2). In both calculations, the inherent assumption is that neither equilibrium constant changes throughout the course of the experiment. However, it has been demonstrated that the equilibrium constant for the adenylate kinase reaction is altered following tran sient brain ischemia, and an altered creatine kinase equilibrium has been implicated . In tissues containing PCr, the PCr-to-cre atine ratio may be used as an alternative indicator of energy status (Siesj6, 1978; Chance et al., 1985) . Because the PCr/Pi ratio may be substituted for PCr/creatine when considering bioenergetic changes under steady-state conditions, and since PCr/Pi ratios compensate for differences in MRS relaxation parameters (Chance et al., 1980 , the PCr/Pi ratio has been used in this experiment as an indicator of cellular bioenergetic status. The value obtained for this ratio prior to injury was 4.8 ± 0.4, which is similar to previously published brain PCr/Pi ratios found in rats and mice (Chance et al., 1978 (Chance et al., , 1980 Shoubridge, et al., 1982; Gon zalez-Mendez et al., 1985) , dogs (Hilberman et al., 1984) , and humans (Bottomley et al., 1984) . The 3to 8-h, post-injury value of 2.5 ± 0.5 (a 48% reduc tion) reflects a post-traumatic abnormality of cere bral energy metabolism which, in the absence of acidosis or of hypoxia (see Ishige et al., 1987) , sug gests mitochondrial dysfunction. It has been postulated that neurological dysfunc tion following CNS injury may result from a reduc tion in ATP levels (Sato et al., 1984) , from in creased H+ concentration (Swanson 1969; Siesj6 and Wieloch, 1985) , from increased lactate concen tration (Myers and Yamaguchi, 1977; Courten Myers et al., 1985) , or from a combination of these factors (Rosner and Becker, 1984; Kim et al., 1985) . No decrease in ATP levels was observed in this present study. The transient pH change is also un likely to be primarily responsible for the irrevers-ible brain injury, since it has been demonstrated that large transient changes in intracellular brain pH do not necessarily cause tissue damage . Nonetheless, a combination of increased H + concentration and lactate accumulation may contribute to irreversible brain injury as shown fol lowing transient ischemia ; thus it is possible that in more severe cases of CNS trauma where large changes in H + concentration may be accompanied by significant lactate accumu lation (see Rosner and Becker, 1984) , such changes may contribute to ultimate brain injury. However, given the small, transient nature of the acidosis, and presumed lactate accumulation (see Vink et al., 1987) , observed in our fluid-percussion studies, such an explanation of a mechanism of brain injury appears unlikely. Instead, we propose that reduc tions in energy production, and in mitochondrial oxidative phosphorylation (as indicated by a re duced PCr/Pi ratio), result from traumatic brain in jury. This reduced energetic capacity of the tissue may account for the decreased ability of the cell to recover from traumatic injury, by affecting such processes as ionic fluxes, amino acid transport and protein and phospholipid synthesis.
